We investigate the low energy phenomenology of the lighter pseudoscalar A 0 1 in the NMSSM. The A 0 1 mass can naturally be small due to a global U (1) R symmetry of the Higgs potential, which is only broken by trilinear soft terms. The A 0 1 mass is further protected from renormalization group effects in the large tan β limit. We calculate the b → sA 0 1 amplitude at leading order in tan β and work out the contributions to rare K, B and radiative Υ-decays and B −B mixing. We obtain constraints on the A 0 1 mass and couplings and show that masses down to O(10) MeV are allowed. The b-physics phenomenology of the NMSSM differs from the MSSM in the appearance of sizeable renormalization effects from neutral Higgses to the photon and gluon dipole operators and the breakdown of the MSSM correlation between the B s → µ + µ − branching ratio and B s −B s mixing. For A 0 1 masses above the tau threshold the A 0 1 can be searched for in b → sτ + τ − processes with branching ratios < ∼ 10 −3 .
Introduction
Sizeable flavor changing neutral current (FCNC) effects in meson decays arise in the minimal supersymmetric Standard Model (MSSM) at large tan β, e.g. [1] - [6] . In this model, the amplitude of exchanging neutral Higgses between down-type fermions f , i.e. down-type quarks or charged leptons 
vanishes. Here, m S , gf f S denote the Higgs masses and couplings to a fermion pair, respectively and α is the scalar mixing angle. Eq. (1) implies that the Wilson coefficients for b → sℓ + ℓ − decays from scalar and pseudoscalar boson exchange in the MSSM at large tan β are equal with opposite sign [2] , [3] . If the relation is broken, interesting effects via operator mixing are induced [7] . In particular, the dipole operators responsible for b → sγ and b → sg decays receive sizeable contributions from the neutral Higgs bosons. Furthermore, specific contributions to B −B mixing from scalar exchange arise. This happens in the presence of more Higgses, such as in the next-to-minimal supersymmetric Standard Model (NMSSM).
The NMSSM is the MSSM extended by a singlet N, with the superpotential [8, 9] 
The physical NMSSM Higgs sector consists of three scalars h 0 , H 
where
has a global U(1) R symmetry in the limit of vanishing soft terms A k , A λ → 0 [10] . If this symmetry is broken only slightly, the model naturally contains a light pseudoscalar. Its mass is given as
where x =< N > denotes the vev of the singlet. Note that a small A k remains small under renormalization group running and thus protects m A 0
1
.
Lower bounds on CP-odd scalar masses are not very stringent and can be as low as ∼ 100 MeV [11] . Since the coupling h 0 A 0 1 A 0 1 is not suppressed the scalar Higgs predominantly decays into the lighter pseudoscalars. This has important consequences for the Tevatron and LHC Higgs searches [10, 12] .
The motivation for this work is to find out how and to what extend the NMSSM would signal itself in rare b-decays and at the same time, whether existing data provide already bounds on the NMSSM parameter space. We employ the large tan β > ∼ 30 and small A k ≪ m W , x limit and no flavor or CP violation other than in the CKM matrix ("minimal flavor violation"). Since a small A λ is not stable under radiative corrections, we do not expand in small A λ and keep it finite. Our study is based on mostly generic features of the NMSSM. Specific analyses of the NMSSM particle spectrum and parameter space have been carried out in a GUT framework [13] at large tan β [14] , with gauge mediated SUSY breaking [15] and with anomaly mediation [16] . For Higgs production in rare b-decays in other models, see e.g. [17, 18] . This paper is organized as follows: In Section 2 we calculate the amplitude for b → sA 0 1 decays at large tan β. We discuss the NMSSM parameter space in Section 3. Phenomenological bounds from FCNC decays, B −B mixing and Υ-decays are worked out in Section 4. In Section 5 we investigate the impact on semileptonic and radiative rare b-decays. We also analyse how much the MSSM tree level relation Eq. (1) is broken by loop corrections. We conclude in Section 6. Feynman rules and the NMSSM particle spectrum at large tan β and auxiliary functions are given in Appendix A and B. In Appendix C we give decay rates of the A The amplitude for a FCNC b → s transition into the lightest CP-odd scalar A 0 1 in the NMSSM is induced at one-loop. In the large tan β limit, only two diagrams remain to be calculated, which are shown in Figure 1 . (We neglect the strange quark mass). Feynman rules are given in Appendix A.1, see also [19] for the MSSM and [20] for the NMSSM.
The stop chargino wave function correction is identical to the corresponding one in the MSSM. Since the coupling of the A 0 1 to down-type fermions is order (tan β) 0 , the 1PR diagram contributes to the b → sA to up-type squarks is 1/ tan β which can be seen from the F-term contribution |∂W/∂H u | 2 and iv the only tan β enhancement comes from
We obtain the following amplitude 
1 amplitude is given correspondingly with also changing m b to m s in Eq. (9) . Note that our calculation holds for |δ ± v/x| < tan β, see Appendix A. E.g. for larger values of δ − v/x the A 0 1 looses its mostly-singlet nature and more b → sA 0 1 diagrams need to be calculated. The coupling C A vanishes if the super GIM mechanism is active, that is either all squark masses are degenerate or mc = mt 1 and θt = 0 (or π) or mc = mt 2 and θt = π/2. We estimate the generic size of C A with order one stop mixing as
Since λx is the NMSSM µ-term which sets the mass scale for the charginos, both terms are of comparable size.
3 Viable points in the NMSSM parameter space
The relevant NMSSM parameter space consists of λ, k from the superpotential, the soft breaking terms A λ , A k , the gaugino mass m 2 , stop and scharm masses, the stop mixing angle θt and tan β. We evaluate all parameters at the electroweak scale. The dimensionless couplings λ and k run towards smaller values, e.g. λ 2 + k 2 < ∼ 0.6 at the electroweak scale for λ, k < ∼ 2π at the high, GUT scale [21] . We use |λ|, |k| ≤ 1. Similar to the MSSM, electroweak symmetry breaking at large tan β requires [14] 
and therefore the product of λ and x should not exceed ∼ O(1) TeV to avoid fine tuning.
On the other hand, the chargino mass scale is driven by λx, which should be at least O(100) GeV by experimental search limits. We assume the singlet vev x to be of the order of the Fermi scale v, or at least not smaller than 100 GeV and not bigger than 3 TeV. If x exceeds this value, its relation to the other vevs becomes unnatural and the model does not give a solution to the µ problem [8] . Hence, the size of λ is bounded from below as |λ| > ∼ few · 10 −2 [15, 21] . Further, the extremization condition
where we defined m
implies some cancellation among the tan β enhanced terms as [14] A λ + kx ∼ O(100 − 1000 GeV) tan β
Note that m A sets the scale for the heavy Higgses A At large tan β, the mass of the lightest scalar at tree level is given as
where we expanded Eq.
k 2 and the scalar mixing angle θ is small. Like in the MSSM, the h 0 tree level mass cannot be bigger than the Z-mass because the raising of its upper bound in the NMSSM is suppressed by large tan β. To be phenomenologically viable, m h 0 has to be lifted by radiative corrections above the current search limit as in the MSSM [22] . We require the scalar tree level mass to be bigger than 89 GeV, which favors small λ or λ/k less than one. We allow for |m 2 | ≤ 1 TeV and check that the charginos are heavier than 90 GeV. We treat the pseudoscalar masses m (16) and (17) we obtain
where the second equation is a good approximation for not too large . We make use of the b → sA 0 1 amplitude calculated in Section 2. We scan the parameter space in the regions discussed in Section 3. All FCNC bounds can be evaded by a sufficiently tuned-in super GIM mechanism, see Section 2. To quantify this, we demand in our numerical analysis for the mass splitting mt 2 − mt 1 > 50 GeV while varying mt 1 and for the stop mixing ǫ < θt < π/2 − ǫ or π/2 + ǫ < θt < π − ǫ with ǫ = 0.05. Bounds from other processes are discussed in Section 4.4.
Many experimental constraints we use here apply only if the A 1 . We find that masses in the range given in Eq. (20) [25, 26] . In the analysis of B → K ( * ) e + e − decays Belle applies m ee > 0.14 GeV [27] , whereas BaBar [28] has no cut, but the efficiency is low in that region due to conversion photons. Likewise, measurements of K + → π + e + e − decays employ a high mass trigger [29] . Since also close to 2m µ the two-photon decay of the A 0 1 becomes sizeable, we do not take the e + e − data into account. [30] is applicable if the A 0 1 becomes sufficiently stable to escape the detector. This happens for masses
Rare K and B-decays
which then are excluded. The K-decay bound is five orders of magnitude better than the one from B → K decays, because the CKM and mass suppression of the K → πA 
only a tiny number of points survives the scan. All allowed points are at the GIM boundary θt ≃ π/2, which is set by our value of the cut-off ǫ. 
NMSSM neutral Higgs contributions to B −B mixing
We calculate the contribution to B −B mixing from pseudoscalar A Higgs exchange in the NMSSM at large tan β. It arises at two-loop from double insertion of the FCNCsb-Higgs vertices such as generated by the diagrams in Figure 1 for the A 
where some of the relevant operators are written as, see e.g. [6]
The SM contribution is in the coefficient C V LL . The A 
at the high, electroweak (matching) scale µ t . Finite widths effects are neglected. We define the size of the B q −B q mass difference ∆m q with respect to its SM value as
and S 0 (µ t ) = 2.38 andP
= −0.37 [6] . In Eq. (28) the NMSSM contribution to ∆m d by neutral Higgs exchange in the m q = 0 limit has been given. To be in agreement with data we require f d > −0.6 (f d is negative). This includes 20 % uncertainty and allows for cancellations between the A 0 1 contribution and the charged Higgs, chargino boxes and the double penguins. We assume similar sizes as in the MSSM, where −0.
. We find constraints for larger values of |δ − v/x| and m A ≥ 500 GeV, which are displayed in Figure 2 
B
We work out the contributions to B s → µ + µ − decays from neutral Higgs exchanges in the large tan β limit of the NMSSM. With the effective Hamiltonian
we obtain at the electroweak scale (in parentheses is given the particle that induces a particular Wilson coefficient)
The expressions for X and Y are given in Section 2. Our result for the A Here, δ 10 stems from the operator O 10 ∝s L γ µ b Ll γ µ γ 5 ℓ, see [7] for details. We find with δ 
Non-FCNC bounds
The bounds from radiative Υ-decays apply if the A 0 1 leaves the detector unseen [31, 36] . Due to the larger boost the critical width to do so is larger than in B-meson decays by m Υ /m B . We use B(Υ(1s) → A 0 γ) < 1.3 · 10 −5 [36] and obtain with Eq. (C-7)
Furthermore, we get an upper bound |δ − v/x| < ∼ 100 from B(Υ(1s) → A 
These couplings arise in the NMSSM at large tan β, where
This is different from the MSSM, where the A 0 1 contribution is absent and the sum of C S and C P and hence C f R vanish. We discuss corrections to this tree level statement in Section 5.1. All Wilson coefficients refer to the Hamiltonian in Eq. (29) and are evaluated at the scale µ = m W unless otherwise stated.
The constraint given in Eq. (34) implies for the Wilson coefficients for b-quarks (we update the findings of Ref. [7] with the improved
The operators O b L,R enter radiative and semileptonic rare b → s decays at one-loop [7, 37] . With the bound in Eq. (39) the new physics effect from O b L is small, at the percent level [7] . However, the renormalization effect induced at leading log by O b R can be large for the photon and gluon dipole operators O 7 and O 8 , which can be written as
To be specific, we normalize their coefficients to the ones in the SM, and denote this ratio by ξ, such that ξ SM = 1. With (see [7] for details)
and Eq. (39) corrections of up to 7% and 59% to ξ 7 and ξ 8 are possible. This has impact on the extraction of Wilson coefficients in b → sγ, b → sg and b → sℓ + ℓ − decays [7] . For a full analysis of these decays, also the matching contributions to C 7,8 from neutral Higgs loops in the large tan β NMSSM have to be calculated. Note that tan β enhanced corrections to the b-quark mass, CKM elements and FCNCs from non-holomorphic terms arise [1, 5, 6] . We leave this for future work.
Estimates of C S + C P and C b R
We work out the NMSSM reach in C S + C P by taking into account all constraints discussed in the previous Sections 3 and 4. The value of C S + C P can saturate its upper bound given in Eq. (34) 
024. This is illustrated in Figure 3 , where we show C S + C P as a function of |C S | 2 + |C P + δ In the MSSM the size of C S + C P is driven by the relation Eq. (1), which is not protected from radiative corrections. To study their size we employ the two-loop calculation encoded in FeynHiggs v. 2.02 [38] . By scanning the MSSM parameter space we find
The smallness of C S + C P is a feature of the Higgs sector of the MSSM. It holds also with flavor violation beyond the CKM matrix. As a result, the logarithmic renormalization 
Conclusions
We investigated the phenomenology of the light pseudoscalar A 
A Higgs spectrum and couplings
We give the tree level Higgs spectrum, mixing angles in the minimal flavor and CP violating NMSSM at large tan β and A k ≪ m W , x. The mass matrices in gauge eigenstates can be seen in [9] . The mass eigenstates of the pseudoscalar mixing matrix can be written as
where where we defined
and m
2
A is given in Eq. (16) . The scalar mass matrix can be diagonalized analytically in the large tan β limit by first decoupling the heaviest state and then rotating the remaining 2 by 2 block by the angle θ along the lines of Ref. [21] . The result can be written as Couplings to charginos
where L, R = (1 ∓ γ 5 )/2 are chiral projectors.
B Conventions, loop functions
The chargino mass matrix is written as (µ M SSM = −λx)
It is diagonalized by the orthogonal matrices U, V (we do not include beyond CKM CP violation)
The stop mixing matrix is given as 
